Human infection with Campylobacter jejuni is often associated with the consumption of foods that have been exposed to both chilling and high temperatures. Despite the public health importance of this pathogen, little is known about the effects of cold exposure on its ability to survive a subsequent heat challenge. This work examined the effect of rapid exposure to chilling, as would occur in poultry processing, on the heat resistance at 56°C of two C. jejuni strains, 11168 and 2097e48, and of Escherichia coli K-12. Unlike E. coli K-12, whose cold-exposed cells showed increased sensitivity to 56°C, such exposure had only a marginal effect on subsequent heat resistance in C. jejuni. This may be explained by the finding that during rapid chilling, unlike E. coli cells, C. jejuni cells are unable to alter their fatty acid composition and do not adapt to cold exposure. However, their unaltered fatty acid composition is more suited to survival when cells are exposed to high temperatures. This hypothesis is supported by the fact that in C. jejuni, the ratio of unsaturated to saturated fatty acids was not significantly different after cold exposure, but it was in E. coli. The low-temperature response of C. jejuni is very different from that of other food-borne pathogens, and this may contribute to its tolerance to further heat stresses.
Campylobacter jejuni is the leading cause of bacterial diarrheal disease worldwide and is the most common antecedent to the peripheral neuropathies Guillain-Barré syndrome and Miller Fisher syndrome (32, 35) . In England and Wales, there were ca. 47,000 Campylobacter cases reported in 2006, a probable 10-fold underestimate of the true incidence, as the World Health Organization calculates that ca. 1% of the population of Europe will be infected each year.
Most Campylobacter infections are food borne, although contaminated water and environmental exposure have also been implicated (5) . Currently, identified high-risk factors include the consumption of chicken, especially when undercooked (15) , barbecued meat (2) , and raw or improperly pasteurized milk (10, 22) . In all of these cases, the infecting Campylobacter population would have been exposed to both low and high temperatures before being consumed.
Despite their importance as human pathogens, little is known about how campylobacters cope with hostile conditions in the transmission chain from animals to humans. Campylobacter presents an interesting conundrum. It is generally considered to be fragile compared to other food-borne pathogens (7) but is recognized as the leading cause of food-borne disease, and vehicles are frequently foods that have received a degree of heat exposure.
Although Campylobacter has been shown to be able to mount an acid tolerance response (28) , it lacks a 38 (RpoS)
homologue (23) and cold shock proteins (17) , which is thought to limit its ability to respond to hostile conditions common in the food chain. Despite lacking many of the classical bacterial stress responses, Campylobacter can survive for extended periods at low temperatures on key foods such as raw chicken (12) . It is important to determine how the responses of Campylobacter to cold could affect its survival in other parts of the food chain. Does preexposure to cold make it more heat sensitive, as is the case for Escherichia coli and Salmonella spp. (20) , or are its responses different, as work on one strain (27) suggests?
The ability to deal with cold is inherently important to a wide range of mesophilic bacteria (29) , and it is likely that some cold exposure tolerance mechanisms are highly conserved. One of the most important of these is a change in fatty acid composition, particularly in the outer membrane (36) . Maintaining membrane homoviscosity is critical for continuing growth, and cellular membrane fatty acid composition is altered as the growth temperature changes (30) . For example, during exposure to reduced temperatures, Salmonella spp. increase levels of unsaturated fatty acids (UFA), whereas Listeria spp. raise those of branched fatty acids in cellular membranes (33) . Both responses increase membrane fluidity. Increased levels of cyclic fatty acids have been shown to have a role in raising the heat resistance of Pediococcus spp. (3) and to increase the stability of the membrane structure (9). Ulmer et al. (37) showed that as the growth temperature for Lactobacillus plantarum decreased, the proportion of UFA in cell membranes rose, leading to increased membrane fluidity and allowing the membrane to be maintained in a liquid gel state. A temperature-dependent shift in fatty acid production has been seen in E. coli. When the growth temperature is reduced, the enzyme activity of FabF increases, leading to an increase in the con-version of 16:1 fatty acids to 18:1 fatty acids (8, 11) . Desaturation enhances the effects of the branched fatty acids produced during acclimation of bacterial cells to low temperatures (34) .
Although changes in fatty acid synthesis have been seen in Campylobacter coli upon a temperature downshift from 42 to 20°C (19) , there is currently very little information on the effects of exposure to refrigeration conditions on the wholecell fatty acid composition of C. jejuni. A study by Hazeleger et al. (17) compared changes in fatty acid composition in coccoid cells held at 4 or 12°C for 14 days with those in control spiral cells grown at 37°C for 24 h. They found that few significant changes in composition occurred at the lower temperatures, whereas at 25°C there were more marked changes in many fatty acids.
The work reported here examines the effects of exposure to 6°C for 24 h on whole-cell fatty acid composition and heat resistance of C. jejuni to determine whether Campylobacter has a similar response to chill to the prototypic response of E. coli.
MATERIALS AND METHODS
Cultivation of bacteria. All strains were recovered from stocks kept at Ϫ80°C by plating beads (Cryobank; Pro-Lab Diagnostics, Neston, United Kingdom) onto Columbia base agar containing 5% defibrinated horse blood (BA; Oxoid, Basingstoke, United Kingdom).
Campylobacter jejuni on BA plates was incubated under microaerobic conditions (5.3% O 2 ) at 37°C for 48 h. For each experiment, triplicate broth cultures were prepared by inoculating a single colony from the above plates into 6.5 ml of nutrient broth number 2 (NB2; Oxoid) containing Campylobacter growth supplement (Oxoid) in a 7-ml container. Broths were incubated for 24 h at 37°C, aliquots required for assays were removed, and the remaining culture was stored at 6°C for 24 h.
Escherichia coli K-12 was incubated on BA plates at 37°C for 24 h. For each experiment, triplicate broth cultures were prepared by inoculating a single colony from the above plates into 5 ml of NB2, which was incubated for 24 h at 37°C. Aliquots required for assays were removed, and the remaining culture was stored at 6°C for 24 h.
Effect of prechill on survival of C. jejuni and E. coli during heat shock. Cultures were prepared as described above, in triplicate. A 10-l volume of each was inoculated into 1 ml of preheated NB2. For all Campylobacter strains, Campylobacter growth supplement (Oxoid) was added to the medium, which was maintained at 56°C throughout the assay. Samples were taken after 5, 10, 15, 20, 25, and 30 min of exposure to 56°C and decimally diluted in maximum recovery diluent (Oxoid). The dilutions were plated onto BA plates and incubated under microaerobic conditions at 37°C for 48 h for C. jejuni. Plates for E. coli were incubated aerobically at 37°C for 24 h. Colonies were counted and the log 10 reduction in CFU/ml Ϫ1 determined.
Exposure to 6°C and whole-cell fatty acid compositions of C. jejuni and E. coli. Six 50-ml aliquots of NB2 containing Campylobacter supplement in 55-ml centrifuge tubes were inoculated with 5 l of C. jejuni culture prepared as described above and then were incubated at 37°C for 22 h. The resulting culture was centrifuged at 8,000 ϫ g for 5 min. The supernatants were discarded, and the pellets were resuspended in a fresh tube in 5 ml of prewarmed (37°C) broth for the control cultures and prechilled (6°C) broth for the treated cultures. Medium at the appropriate temperature was added to give a final volume of 50 ml. After incubation at 37 or 6°C for a total of 24 h, cells were centrifuged at either room temperature or 6°C at 8,000 ϫ g for 5 min and the supernatant removed. Cells were resuspended in phosphate-buffered saline and transferred to a Pyrex tube, and then 0.1% hydroquinone in methanol and a concentrated solution of KOH were added to give a final concentration of 2 M KOH. An internal standard of C 21:0 was added, and the sample was hydrolyzed at 60°C for 2 h. Samples were acidified and fatty acids extracted into light petroleum (bp, 40 to 60°C), followed by methylation using a solution of diazomethane in diethyl ether. Resulting fatty acid methyl esters (FAME) were analyzed by gas-liquid chromatography using a Finnigan Focus gas chromatograph (Thermoelectron Corporation, Cheshire, United Kingdom) equipped with a flame ionization detector (FID). Samples were injected in the split mode (50:1), using helium at a constant flow as the carrier gas. The injector temperature was 275°C, and the FID temperature was 250°C. Separation was carried out on a 50-m by 0.25-mm-internal-diameter CP Sil 88 FAME capillary column (Varian, Oxford, United Kingdom). The initial oven temperature was 150°C held for 40 min and then was increased by 1°C/min to 180°C, held for 1 min, increased by 5°C/min to 220°C, and held for 10 min. The output from the FID was integrated using a Chrom-Card data system 2.3 (Thermoelectron, Cheshire, United Kingdom). The linearity of the system was tested using a reference monoenoic FAME mix (Thames Restek UK Ltd., Saunderton, United Kingdom). Fatty acids were identified using commercial standards (Supelco [Matreya, PA] or Sigma-Aldrich [St. Louis, MO]).
Analysis of data. All experiments were carried out with three biological replicates per treatment. The observed bacterial death curves proved to be concave from below. Thus, the Weibull model (log S ϭ Ϫ␤t ␣ , where S and t represent the survivor fraction and time, respectively, and ␣ and ␤ define curvature and scaling parameters, respectively) (31) was fitted to every death curve generated in these experiments, and these derived curves were used for further analysis.
For curve shape (␣ values), a value of Ͻ1 indicates that the curve is concave from below, whereas an ␣ value of 1 indicates a linear relationship between log S and t (i.e., exponential decay of cell concentration) and ␣ values of Ͼ1 would generate a convex curve from below. The ␤ value is related to how fast the instantaneous specific rate of death [d(log S)/dt] changes along the death curve. Statistical analysis of Weibull death curves for each strain under different conditions was carried out using two-way analysis of variance (ANOVA) in GraphPad Prism (GraphPad Software, CA). Differences in fatty acid composition were analyzed using Student's t test. P values of Ͻ0.05 were considered significant. The ratio of UFA to saturated fatty acids (SFA) was used as a measure of membrane fluidity (6) .
RESULTS
Exposure to 6°C for 24 h and subsequent heat tolerance of C. jejuni and E. coli. All bacterial strains used in this study showed susceptibility to 56°C in NB2, regardless of the preexposure temperature. All death curves analyzed using the Weibull method had ␣ values (Table 1) of Ͻ1, indicating the presence of tailing and a resistant subpopulation in the C. jejuni and E. coli cultures tested.
Preexposure to 6°C for 24 h did not have a significant effect on the heat tolerance of C. jejuni 2097e48 (Fig. 1) , with no significant difference between treatments (P value of 0.1614) determined using ANOVA. Weibull analysis also showed no significant difference between ␣ (0.410 Ϯ 0.04 and 0.652 Ϯ 
Ϫ5
a Weibull analysis was performed on resulting death curves for triplicate biological replicates of each bacterial strain at 56°C, recovered on BA plates before and after exposure to 6°C. P values of Ͻ0.05 were considered significant and are shown in bold.
0.23, respectively) and ␤ (0.789 Ϯ 0.13 and 0.466 Ϯ 0.32, respectively) values (Table 1) for control and chill-exposed cultures. There were also no significant differences over time between treatments for this strain (P value ϭ 0.3532).
However, preexposure to 6°C significantly increased the heat tolerance of C. jejuni 11168 at later time points (Fig. 2) and significantly reduced that of E. coli K-12 at all time points beyond 5 min of heating (Fig. 3) . P values were Ͻ0.0001 for both bacteria. Weibull analysis (Table 1) Exposure to 6°C and whole-cell fatty acid compositions of C. jejuni and E. coli K-12. The method used in this study allowed the identification of 22 fatty acids, although the column used FIG. 1. Effect of exposure to 6°C on the shape of the death curve for C. jejuni 2097e48 at 56°C. Weibull analysis was performed on triplicate biological replicates for the resulting death curves of C. jejuni 2097e48 at 56°C, before and after exposure to 6°C. Open circles represent controls (37°C), and closed circles represent cells exposed to 6°C before heat treatment. Death values were analyzed using ANOVA at each time point. P values of Ͻ0.05 were considered significantly different; no significant differences were seen at any time points.
FIG. 2.
Effect of exposure to 6°C on the shape of the death curve for C. jejuni 11168 at 56°C. Weibull analysis was performed on triplicate biological replicates for the resulting death curves of C. jejuni 11168 at 56°C, before and after exposure to 6°C. Open circles represent controls (37°C), and closed circles represent cells exposed to 6°C before heat treatment. Mean values resulting from Weibull analysis of death curves are shown, with standard deviations given as error bars. Death values were analyzed using ANOVA at each time point. P values of Ͻ0.05 were considered significantly different and are shown on the figure as follows: * , P Ͻ 0.05; ** , P Ͻ 0.01; and *** , P Ͻ 0.001.
6294
HUGHES ET AL. APPL. ENVIRON. MICROBIOL.
on September 9, 2017 by guest http://aem.asm.org/ excluded the running of hydroxy fatty acids. The fatty acid compositions of each of the two strains of C. jejuni were changed little by cold exposure. However, significant changes were seen in the fatty acid composition of E. coli after exposure to 6°C, which affected the UFA-to-SFA ratio.
Campylobacter jejuni 2097e48 had reduced hexadecanoic acid (16:0) and increased heptadecanoic acid (17:0) present after exposure to 6°C (Table 2) . However, these changes do not have a significant effect on the ratio of UFA to SFA and thus are unlikely to affect membrane fluidity ( Table 3 ). The ratio of UFA to SFA under control conditions was 0.55 Ϯ 0.02, and that after exposure to 6°C for 24 h was 0.57 Ϯ 0.01. A similar response was seen with C. jejuni 11168, where there was a decrease in dodecanoic acid (12:0) and an increase in trans-18:1, dihydrosterculic (cis-9,10-cyc19) and alpha-linolenic (18: 3n-3) acids (Table 2 ). There was no significant change in the ratio of UFA to SFA under control conditions (0.69 Ϯ 0.02) compared to exposure to 6°C for 24 h (0.73 Ϯ 0.07) ( Table 3) .
A different response was seen with E. coli K-12 (Table 2) , where decreases were seen in dodecanoic (12:0), tridecanoic (13:0), tetradecanoic (14:0), pentadecanoic (15:0), hexadecanoic (16:0), and heptadecanoic (17:0) acids and increases were seen in palmitoleic acid (16:1) and cis-vaccenic acid (18: 1n-7). These changes resulted in a significant alteration in the ratio of UFA to SFA, from 0.53 Ϯ 0.01 to 0.66 Ϯ 0.02, with a P value of Ͻ0.0001. Such changes would result in increased membrane fluidity after 24 h at 6°C (Table 3) as the percentage of UFA increased and that of SFA decreased.
We found two isomers of cyclic 19 in C. jejuni, with the major one (9 to 10.2%) being lactobacillic acid (cis-11,12-methyleneoctadecanoic acid [cis-11,12-cyc19]) and the minor one (0.16 to 0.2%) being dihydrosterculic acid (cis-9,10-methylene-octadecanoic acid [cis-9,10-cyc19]). The substrates for cyclic 19 fatty acid biosynthesis were also present in similar proportions, at 23 to 28% for 18:1n-7 and 0.3 to 0.7% for 18:1n-9. Similarly, cyclic 17 (cis-9,10-methylene-hexadecanoic acid) and its substrate, 16:1, were present, at levels of 0.07 to 0.1% and 7.9 to 8.1%, respectively.
The opposite was seen with E. coli K-12, where lower levels of 9c18:1 (0.2%) and 11c18:1 (10.37%) were seen alongside cis-9,10-cyc19 (0.01%) and cis-11,12-cyc19 (1.84%). However, higher levels of cyclic 17 (14.9%) and its substrate, 16:1 (15.42%), were seen in E. coli than in C. jejuni.
DISCUSSION
Chilled storage is a key control measure in the food chain, and in many foods, C. jejuni and E. coli will be exposed to low temperatures prior to heating. In this work, we investigated whether the response of C. jejuni to chilling altered its sensitivity to heat, as is the case with other food-borne bacteria, such as E. coli. All strains grown at 37°C were heat sensitive at 56°C, but death rates were variable. Fatty acid profiles determined in this study for C. jejuni under control conditions were similar to those seen in other studies (13, 18) . Similar fatty acid profiles were also seen for E. coli in this study and in a previous study at 37°C (25) .
Exposure to 6°C for 24 h prior to heat treatment at 56°C caused a significant decrease in the heat tolerance of E. coli K-12. Previous studies have also shown that prior exposure of E. coli to refrigeration temperatures leads to an increased sensitivity to subsequent heat exposure (21) . Cold exposure had subtly different effects on the heat tolerance of the two C. jejuni strains. Thus, with strain 2097e48, heat tolerance was not significantly altered by chilling, but with strain 11168, a small increase was seen. However, it should be noted that there is a degree of variation seen in these data sets due to the natural variation present in Campylobacter cultures. These data indicate that refrigeration, a classic step in food processing to minimize bacterial contamination, does not act on C. jejuni in the same way as it does on E. coli.
A common bacterial response to a reduction in temperature FIG. 3 . Effect of exposure to 6°C on the shape of the death curve for E. coli at 56°C. Weibull analysis was performed on triplicate biological replicates for the resulting death curves of E. coli K-12 at 56°C, before and after exposure to 6°C. Open circles represent controls (37°C), and closed circles represent cells exposed to 6°C before heat treatment. Mean values resulting from Weibull analysis of death curves are shown, with standard deviations given as error bars. Death values were analyzed using ANOVA at each time point. P values of Ͻ0.05 were considered significantly different and are shown on the figure as follows: * , P Ͻ 0.05; ** , P Ͻ 0.01; and *** , P Ͻ 0.001.
VOL. 75, 2009 C. JEJUNI AND E. COLI HEAT SENSITIVITY AND FATTY ACIDS 6295
is to change the composition of membrane fatty acids. Different bacteria alter their fatty acid composition in different ways to increase the fluidity of the cell membrane. Campylobacter has been seen to change fatty acid profiles in response to a temperature downshift from 42°C to 20 to 25°C, especially altering cyclic fatty acids (16, 19) . Data on other bacteria suggest that exposure to refrigeration temperatures should cause an increase in the amounts of UFA and cyclic fatty acids (1). Neither response occurred with C. jejuni strains 11168 and 2097e48 in this study, but they did occur in E. coli K-12 upon exposure to 6°C. Our data are in line with previous work on Campylobacter coli exposed to a temperature downshift from 37°C to 4°C, where minimal changes in fatty acid composition occurred (19) . The changes in fatty acid composition seen in E. coli in this study were also reported in earlier studies where the percentage of UFA increased as growth temperature decreased (25) . The fatty acid compositions of both control and cold-treated Campylobacter cells are similar to published results for normal spiral forms (16), with 14:0, 16:0, 16:1, 18:1n-7, and cyclic 19 (cis-11,12-cyc19) being the predominant fatty acids. Where there were significant changes due to temperature in the fatty acid profiles of the Campylobacter strains used in this study, taking into account all of the fatty acids measured, those showing a change accounted for less than a maximum of a 2% change in fatty acid composition for any one strain. This is likely to have had a very limited effect on the overall membrane fluidity. This lack of adaptation means that under chilling conditions, the C. jejuni cellular membrane will become more solid, possibly preventing membrane leakage upon a temperature upshift. In contrast, the adaptation to cold exposure seen in E. coli would indicate that the membrane would be more unstable during a rapid temperature upshift, therefore leading to the reduction in subsequent tolerance to heat exposure, as seen in this study. It has been reported that species such as Salmonella, Listeria, and Bacillus are metabolically active at cold temperatures (4, 33) . Previous work (R. A. Hughes, T. Cogan, and T. Humphrey, unpublished data) has shown a marked reduction in electron transport activity after 24 h at 6°C for 19 C. jejuni strains. This very low level of metabolic activity may account for the lack of major change in cellular fatty acids, as the cell is essentially shutting down. It may be that the ability to mount such a response is lost when the temperature drops below 20 to 25°C, where strains are still metabolically active and significant changes in fatty acids have been reported (16, 19) . Significant changes in whole-cell fatty acids have also been reported for the transition from exponential growth phase to stationary phase, indicating that C. jejuni is able to alter its fatty acid composition under stressful conditions in which the cells are metabolically active, but these changes did not result in increased resistance to heat treatment (26) . The rapid chilling of the cultures in this work, analogous to poultry carcass chilling or milk cooling, would result in a rapid and large-scale shutdown of cellular processes. This would severely limit the ability of Campylobacter to synthesize the desaturase required to alter the fatty acid composition of its membrane, even if its expres- sion was induced. However, this may not be required due to the existing presence of cyclic fatty acids (Tables 2 and 3) , which have been shown to increase fluidity at low temperatures and to increase membrane stability at higher temperatures (9) . The presence of these fatty acids within the C. jejuni membrane may allow fluidity to be maintained without requiring changes in composition. By not altering its fatty acid composition, C. jejuni may also be able to adapt rapidly when environmental conditions become more favorable, as reorganization of the membrane to adapt to higher or more optimal temperatures would not be necessary. This lack of change to the membrane also explains the lack of alteration in heat sensitivity seen in chilled C. jejuni. This appears to be the first report of the presence of two isomers of cyclic 19 in C. jejuni, namely, cis-11,12-cyc19 and cis-9,10-cyc19, since previous studies have shown only cis-11,12-cyc19 (18) . The substrates for cyclic 19 fatty acid biosynthesis are also present in similar proportions to those expected from previous studies (14) . The synthesis of cyclic 19 appears to be more efficient than that of cyclic 17 in C. jejuni in our work. However, higher levels of cyclic 17 (14.9%) and its substrate, 16:1 (15.42%), were also seen in E. coli than in C. jejuni, suggesting that synthesis of cyclic 17 is more efficient in E. coli than in C. jejuni. Law (24) showed that the formation of cyclic fatty acids is environmentally dependent, as the production of cyclic fatty acids is driven by environmental conditions and substrate availability.
This paper helps to explain a critical process by which C. jejuni can survive in the food chain in sufficient numbers to cause disease. Unlike many other pathogens, such as E. coli, C. jejuni is not sensitized to heat by being chilled, and its essentially quiescent state at low temperature would make it better able to adapt rapidly to higher temperatures. This may help to explain the success of Campylobacter as a zoonotic food-borne pathogen and shows that the bacterium responds to exposure to 6°C in a different way from other food-borne pathogens, such as E. coli. 
